Objectives: To compare distributions of serum cardiac and inflammatory biomarkers between perinatally HIV-infected (PHIV) and perinatally HIV-exposed uninfected (PHEU) children, to evaluate their associations with echocardiographic measures, and among PHIV youth, with antiretroviral therapy (ART) and HIV disease severity measures.
Introduction
Prior to the widespread use of HAART, HIV-infected children experienced substantial cardiac morbidity and mortality [1] [2] [3] [4] [5] [6] . Since the advent of HAART, symptomatic cardiac disease in children has become increasingly rare [7, 8] . Children in the current era with perinatally acquired HIV infection (PHIV) have decreased left ventricular (LV) mass but better LV function than PHIV children in the pre-HAART era [9] . Lower nadir CD4 þ percentage and higher HIV viral load were associated with lower LV function (contractility and fractional shortening) and increased LV end-systolic dimension and LV wall stress [9] . Subclinical differences in LV structure and function have also been found in perinatally HIVexposed uninfected (PHEU) children [10, 11] .
In both adults and children, serum biomarkers are useful in assessing adverse changes in cardiac structure and function, termed cardiac remodeling. These biomarkers have been utilized to assess cardiac status in myocardial infarction, cardiomyopathies, heart failure, and myocarditis. Detectable cardiac troponin-T (cTnT) indicates active damage to cardiomyocytes in a variety of cardiac diseases in adults and children [12] [13] [14] [15] [16] [17] [18] . The level of Nterminal-pro-brain natriuretic peptide (NT-proBNP) varies in response to the LV volume and pressure overloads seen in heart failure and is a marker of myocardial stress and neurohormonal activation [19] [20] [21] [22] [23] . A recent report in therapy-naive HIV-infected adults found that moderately elevated NT-proBNP levels were associated with increased HIV viral load and lower CD4 þ cell counts. These associations were not observed after the initiation of antiretroviral therapy (ART) [24] . Elevated serum levels of proinflammatory cytokines [C-reactive protein (hsCRP), tumor necrosis factor-a (TNF-a) and its soluble type 2 receptor (sTNF-RII), interleukin-1 (IL-1), IL-6, IL-8, IL-10, and IL -18] , have demonstrated associations with increased cardiovascular mortality and morbidity across a wide age range [25] [26] [27] [28] [29] [30] .
The long-term cardiac effects of ART in PHIV children are not well described. A report from the PHACS Surveillance Monitoring for Antiretroviral Therapy Toxicities (SMARTT) PHEU cohort examined the associations between maternal ART regimens and three biomarkers (hs-cTnT, NT-proBNP, and hsCRP) and associations between these biomarkers and echocardiographic parameters in a subgroup of the cohort [31] . Associations between individual biomarkers and echocardiographic parameters suggested an inflammatory process in the myocardium.
In this study, we hypothesized that compared with PHEU youth, PHIV children have higher levels of circulating inflammatory and cardiac biomarkers, and that the levels of these biomarkers would also be associated with alterations in echocardiographic measures of cardiac structure and function. We further hypothesized that in PHIV youth, cardiac biomarkers would be associated with HIV disease severity and ART exposures. Identification of biomarkers of cardiac dysfunction or altered structure among PHIV youths may help in developing effective surveillance systems for future cardiovascular disease during the transition to adulthood, for what has now become a chronic disease [32] .
Methods

Study population
The Adolescent Master Protocol (AMP) is a prospective cohort study, conducted by the Pediatric HIV/AIDS Cohort Study (PHACS) at 14 US clinical research sites to evaluate the impact of HIV infection and ART on the outcome of PHIV children and adolescents. The study includes both PHIV children and a control group of PHEU children, aged 7-16 years at study entry, recruited between March 2007 and November 2009. The study protocol was approved by the institutional review board (IRB) of each site and the Harvard T.H. Chan School of Public Health. Written informed consent was obtained from each child's parent or legal guardian and assent from older participants per local IRB policy.
We compared two study groups: AMP PHIV children who were typically highly treated with ART and AMP PHEU children who typically were exposed to both prenatal and short-term neonatal ART prophylaxis. Only PHIV and PHEU participants who had a protocolspecified echocardiogram and blood specimen for biomarker analyses within 100 days of each other were included. Children were excluded from analysis if they had a major congenital cardiovascular malformation.
At each AMP study visit, information about participants and their families was gathered through clinical interviews and chart reviews. Current health status was ascertained through physical and laboratory evaluations. The ART regimens were abstracted from medical charts including start and stop dates. HAART was defined as any regimen that included three or more ART drugs from two or more drug classes. The Centers for Disease Control and Prevention (CDC) clinical disease class was determined at study entry and at each study visit according to current pediatric (age <13 years) and adult surveillance definitions [33] .
Echocardiographic assessment of cardiac structure and function As per the protocol, PHACS-trained site staff obtained a single M-mode echocardiogram with concurrent blood pressure and heart rate measurements. To improve reliability, all echocardiograms were centrally measured from a digital copy by a single pediatric cardiologist at the echocardiographic core laboratory at Boston Children's Hospital. Echocardiograms were performed between 2008 and 2010.
Biomarker analyses
All specimens were analyzed for cardiac biomarkers at the Diabetes Research Institute's Clinical Chemistry Laboratory at the University of Miami Miller School of Medicine. The two cardiac biomarkers, NT-proBNP (an elevated level was defined as >100 pg/ml) and hs-cTnT (limit of detection 3 pg/ml, normal value was defined as undetectable, i.e. <3 pg/ml) were measured by autoanalyzer on a Roche Cobas 6000 by an electrochemiluminescence immunoassay.
Regarding inflammatory biomarkers, hsCRP (elevated level defined as >1 mg/l) was measured by latexenhanced immunoturbidometry using reagents from Roche Diagnostics (Indianapolis, Indiana, USA). Proinflammatory cytokines (IL-10, IL-1b, IL-6, IL-8, TNF-a, and sTNF-RII) were measured utilizing ELISA kits obtained from R&D Systems (Minneapolis, Minnesota, USA) and IL-18 ELISA from MBL International (Woburn, Massachusetts, USA). Whenever available, the high-sensitivity assay kits were used. All manufacturers' instructions were followed for performing the assays. All samples were analyzed in duplicate, and repeated if the variation between duplicates exceeded 12%.
Statistical methods
We compared the distribution of baseline characteristics between PHIVand PHEU children using either a t-test or Wilcoxon rank sum test for continuous variables and the chi-square test for categorical variables, as appropriate. We also described HIV disease severity and ART measures as current and past CD4 þ and HIV viral load, current HAART, duration on HAART, or protease inhibitor-based ART, and past AIDS diagnosis based on CDC Class C in PHIV children. We then compared the distribution of serum biomarkers in PHIV to PHEU using Wilcoxon rank sum tests, and compared the percentage with elevated serum biomarkers (for hs-cTnT, NT-proBNP, and hsCRP) using Fisher's exact test.
To evaluate the association of cardiac biomarkers with echocardiographic parameters in PHIV and PHEU children, we calculated partial Spearman correlation coefficients (r s ) for each serum biomarker and each echocardiographic z core adjusting for age at biomarker assessment, sex, cohort (i.e. PHIV or PHEU), and BMI z core. Partial correlations were also evaluated separately by HIV status and results displayed graphically using heat maps.
Among PHIV youth, we evaluated the association of HIV disease severity and ART exposures with biomarkers by fitting both unadjusted and adjusted linear regression models using generalized estimating equation models with robust standard errors around z scores for each logtransformed cardiac biomarker measure, to allow consistent scaling and interpretation of the various biomarkers. All adjusted models controlled for age at biomarker measurement, and additionally controlled for race, ethnicity, sex, and/or BMI z score if they were associated with biomarkers (P < 0.15). Each HIV disease severity measure was first considered separately, with adjustment for these demographic measures. We then developed multivariable models incorporating multiple HIV disease severity and ART measures associated with each separate biomarker. Due to the high percentage of undetectable hs-cTnT measures, we did not consider linear regression models appropriate and instead fit logistic regression models for elevated hs-cTnT adjusting for demographic measures and again considering each HIV disease severity and ART measure. SAS version 9.4 (SAS Institute Inc., Cary, North Carolina, USA) was used for all statistical analyses. All statistical tests were two-sided with a P value less than 0.05 indicating significance, although emphasis was placed on consistency of results across analyses under various assumptions.
Results
Study population
The identification of AMP PHIVand PHEU children for this analysis is described in Fig. 1 . Overall, of the 512 youth with evaluable echocardiograms, 404 (79%) had evaluable results available for at least one biomarker of interest, and 402 were included in our analysis. The remaining two youths did not have a biomarker sample drawn within 100 days of the echocardiogram. The youths included in our analysis represented 55% of the total AMP PHIV cohort and 69% of the PHEU cohort.
A summary of participant characteristics for both PHIV and PHEU youth is shown in Table 1 . PHIV participants were older on average, more often black and less often Hispanic, and had lower mean z scores for height, weight, BMI, and body-surface area (BSA). Among the PHIV youth, over two-thirds had suppressed HIV viral loads (69%), and 87% were actively receiving HAART therapy.
Comparison of cardiac and inflammatory biomarkers between perinatally HIV-infected and perinatally HIV-exposed uninfected youth The distribution of cardiac and inflammatory biomarkers is shown in Table 2 overall and by HIV status. Regarding cardiac biomarkers, the majority of hs-cTnT serum levels were below the limit of detection (3 pg/ml), but a significantly greater proportion of the PHIV youth had an hs-cTnT level greater than 3 pg/ml compared with the PHEU cohort (22 vs. 6%; P < 0.001). There was no significant difference between the PHIV and PHEU groups in the median serum level of NT-proBNP or the percentage with either elevated NT-proBNP.
Regarding inflammatory biomarkers, the median sTNF-RII and IL-18 values were significantly higher in the PHIV cohort than the PHEU cohort. The median IL-1 value was significantly lower in PHIV youth. The distributions of all biomarkers were skewed to the right, and were therefore, log-transformed in subsequent analyses.
Association of HIV disease severity and antiretroviral therapy use with cardiac and inflammatory biomarkers among perinatally HIV-infected youth Among PHIV children, current immunological and virological status showed stronger associations with cardiac and inflammatory biomarkers than did historical disease severity. After adjusting for potential confounders, we observed an association of low nadir CD4 þ % with higher levels of hsCRP (57% higher for nadir CD4 þ % <15 vs. >15%). Youth with unsuppressed HIV viral loads were more likely to have higher TNF-a, sTNF-RII, IL-10, and IL-18 values, with increases in adjusted mean levels of 31, 32, 34, and 51%, respectively, as compared with those with suppressed HIV viral loads (Table 3) . Contrary to expectations, youth with unsuppressed HIV viral loads had decreased odds of elevated hs-cTnT, which were attenuated in adjusted models (adjusted odds ratio 0.57, 95% confidence interval 0.26-1.25, P ¼ 0.16).
Finally, youth with peak HIV viral loads at least 100 000 copies/ml had 29% higher average levels of IL-1, whereas average levels of sTNF-RII were 20% lower in those currently receiving HAART (Table 3) .
Correlation of cardiac and inflammatory biomarkers with echocardiographic measures of left ventricular structure and function Partial correlation coefficients (e.g. adjusted for covariates) between cardiac and inflammatory biomarkers and echocardiographic z scores are displayed graphically using heat maps in the Supplemental figure, (http://links.lww. com/QAD/B249) both overall and by HIV status. As noted in previous reports, PHIV youth had significantly lower mean z scores for LV function (LV fractional shortening), and significantly higher mean z scores for LV mass, LV volume, and LV end-diastolic dimension (Supplemental Table 1 , http://links.lww.com/QAD/ B249). In the combined group of PHIV and PHEU youth, z scores for LV function as measured by LV fractional shortening were negatively associated with levels of six inflammatory biomarkers (hsCRP, hs-cTnT, TNF-a, sTNF-RII, IL-10, and IL-18), with partial correlations ranging from À0.10 to À0.13. In addition, LV ejection fraction was negatively correlated with hsCRP (r ¼ À0.10), but positively correlated with NTproBNP levels (r ¼ 0.10). Three of the inflammatory biomarkers demonstrated weak negative correlations with LV mass z scores (sTNF-RII, IL-10, and IL-1), ranging from À0.09 to À0.13, whereas NT-proBNP showed a positive correlation with LV mass. LV wall stress was primarily included NT-proBNP, TNF-a, IL-10, and hscTnT. Among PHEU children, we observed a weak positive relationship between IL-18 and end-diastolic septal z score (r s ¼ 0.21), and primarily observed associations of echocardiographic measures with NTproBNP, sTNF-RII, and hsCRP. Cardiac and inflammatory biomarkers tended to show much stronger positive associations with LV wall stress among PHIV youth, whereas they demonstrated stronger negative associations with blood pressure among PHEU youth. Hs-cTnT measures showed stronger positive correlations with all cardiac echocardiographic parameters among PHIV youth, whereas NT-proBNP was positively correlated with LV function (ejection fraction, fractional shortening, and contractility) only among PHEU youth. In a post hoc analysis, we investigated potential differences in biomarker-echocardiogram associations by HIV status for end-systolic wall stress and fractional shortening, using linear regression models for echocardiographic z scores as a function of log-transformed biomarker z scores and 1272 AIDS 2018, Vol 32 No 10 All adjusted GEE linear regression models were adjusted for age at biomarker assessment. Additional covariates included in adjusted models were for NT-proBNP: BMI z score, sex, and ethnicity; for hsCRP: BMI z score, race, and ethnicity; for TNF-a: sex; for sTNF-RII: BMI z score. CI, confidence interval; hsCRP, high-sensitivity C-reactive protein; IL, interleukin; NT-proBNP, N-terminal-pro-brain natriuretic peptide; sTNF RII, soluble tumor necrosis factor receptor type II; TNF-a, tumor necrosis factor-a.
a Only those associations with P < 0.10 in either unadjusted or adjusted models are included. Percentage change in biomarker level is based on exponentiating coefficient of GEE linear regression model for log-transformed biomarker for the corresponding HIV disease severity measure or antiretroviral regimen. Spearman partial correlation analyses are adjusted for age at biomarker assessment, sex, and BMI z-score. Estimates are presented for P < 0.10. interaction terms with HIV status. We observed that the relation between Ln(NT-proBNP) and fractional shortening z score was in the opposite direction for PHIV versus PHEU youth (P ¼ 0.055). Also, HIV infection status appeared to modify the relationship between Ln(NTproBNP); (P ¼ 0.014), Ln(TNF-alpha); (P ¼ 0.068), and Ln(IL-10); (P ¼ 0.008), and end-systolic wall stress, with negative associations within PHEU but positive associations among PHIV youth.
Discussion
We observed significant differences in serum levels of several cardiac and inflammatory biomarkers between PHIV and PHEU children. Detectable levels of serum cTnT, a measure of cardiomyocyte injury, were three times as likely to be found in PHIV compared with PHEU children [18] . Serum levels of some proinflammatory biomarkers were also higher in PHIV compared with PHEU children, suggesting a modestly higher inflammatory state in the PHIV children even though most were HIV virally suppressed. Compared with an earlier report of younger PHEU from the SMAART cohort, serum levels of NT-proBNP and hsCRP were similar in this older cohort, although the percentage with detectable cTnTwas lower [31] . With the exception of detectable cTnT, all cardiac and inflammatory biomarkers in both the PHIVand PHEU were within normal limits for healthy children, although there is variation of reported normal levels in the literature [21, 22, [34] [35] [36] [37] [38] . Detectable serum cTnT is never a normal finding in children in the absence of injured cardiac myocytes [17] . Among PHIV children, the cardiac and inflammatory biomarker levels were more strongly related to current immunological and virologic status than with historical disease severity. This finding suggests that the overall goal of keeping viral load as low as possible, preferably at an undetectable level, in PHEU could support cardiac health.
To better understand the potential role of these cardiac and inflammatory biomarkers as markers of cardiac status, we examined their associations with echocardiographic parameters of LV function and structure in PHIV and PHEU children. LV systolic volume was negatively associated with many proinflammatory cytokines. This association supports findings in children with myocarditis, an inflammatory cardiac disorder, where inflammation is associated with proinflammatory cytokines, increased myocardial interstitial edema, and myocardial mononuclear infiltration, resulting in reduced LV volume. HscTnT levels were positively associated with LV endsystolic wall stress, a measure of LV afterload, suggesting active myocardial injury in response to increased LV stress. Alternatively, this association could be operative in the opposite direction, as myocardial injury, as measured by elevated cTnT, can be found with inflammatory myocarditis and is associated with a larger LV dimension and a reduced LV wall thickness, where the presence of either or both may result in increased LV wall stress.
Adverse LV remodeling, indicated by a decreasing LV wall thickness-to-dimension ratio, can evolve overtime. With acute injury, LV dimension rises more rapidly than LV wall thickness because of reduced contractility secondary to acute inflammation. This results in a decreased LV wall thickness-to-dimension ratio, increased LV wall stress, and increased NT-proBNP serum levels (acute dilated physiology). Later, one may see variable LV dilation with attenuated LV and septal wall thickness because of cardiomyocyte injury and fibrosis. These changes are consistent with a chronic low-level inflammatory process and chronically elevated wall stress, although other cardiotoxic mechanisms may contribute.
An analogous, although not identical, example of a cardiotoxic exposure is found in children with cancer exposed to anthracycline-containing chemotherapy regimens [39] . Acutely, some of these children will develop a dilated cardiomyopathy and heart failure with increased levels of NT-proBNP and cTnT [40, 41] . These children have increased LV dimension and LV afterload and decreased LV fractional shortening, mass, and wall thickness. After chemotherapy, up to 65% of children will still have abnormalities of LV structure and function. As they age, some children will progress to a restrictive cardiomyopathy with increased LV afterload and decreased LV fractional shortening and mass [39] [40] [41] . The primary difference in cardiotoxic exposures between PHIV children and childhood cancer survivors is that in the former, the potentially cardiotoxic exposure (HIV and/or HAART) is chronic, whereas in the latter, the exposure is relatively transient.
There are many reports of the associations of various serum biomarkers and cardiovascular outcomes in HIVinfected adults. Higher levels of specific proinflammatory biomarker levels have been reported in HIV-infected adults compared with uninfected adults, are associated with various cardiovascular conditions, and also have been used in cardiovascular disease risk stratification in these adults [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . There are few such reports in PHIV or PHEU children.
We previously reported elevated levels of at least one of two cardiac biomarkers (hs-cTnT and NT-proBNP) and one inflammatory biomarker (hsCRP) in PHEU youth, consistent with generalized inflammation and an active myocardial injury process in PHEU children [31] . Our current results suggest a proinflammatory state in both PHEU and PHIV children with evidence of more inflammation in the PHIV group. We also found a much higher proportion of PHIV children with evidence of ongoing myocardial damage, as measured by hs-cTnT, compared with PHEU youth. Chronic inflammation is associated with LV diastolic dysfunction and heart failure in HIV-infected children and adults [46] [47] [48] . In HIVinfected patients with myocarditis, a complex interaction between HIV and other cardiotropic viruses, IL-1, IL-6, TNF-a, and suppression of the anti-inflammatory cytokine IL-10 may explain the cardiotoxic effects leading to dilated cardiomyopathy [49, 50] .
Symptomatic cardiac disease, including LV systolic dysfunction, dilated cardiomyopathy, and heart failure, are now exceedingly rare compared with the pre-HAART era [7] . Multiple studies in both PHIV and PHEU children, including this report, have found subclinical cardiac changes whose long-term significance is unknown [9] [10] [11] 31] . Due to these ongoing safety signals, we do not know if we are delaying the onset of subsequent symptomatic cardiovascular disease in this PHIV population, instead of having prevented this by current disease management.
Although the rate of perinatal HIV infection has been dramatically reduced, there remain more than 9500 PHIV children and adults living in the United States, as well as 1.8 million PHIV children under the age of 15 years worldwide [51, 52] . HAART is a global success, but as most treated HIV-infected youth are likely to lead long lives, assessing their risk of cardiovascular disease is important. A recent report emphasized that longitudinal studies evaluating cardiovascular risk in PHIV children are 'crucial' and a 'research priority' [53] . The role of cardiac and inflammatory biomarkers in cardiovascular risk assessment needs to be studied longitudinally to determine their value in cardiovascular risk stratification for PHIV youth.
Strengths and limitations
The PHACS AMP cohort has large and well characterized PHIV and PHEU groups with annual evaluations after enrollment. The echocardiograms were performed by sonographers trained by the Echocardiography Core Laboratory at Boston' Children's Hospital and measured by the pediatric cardiologist who is the director of the laboratory. Samples for serum biomarkers were collected as close to the time of the echocardiogram as possible and measured in a single research clinical chemistry laboratory. The primary limitation of this study is that it is a crosssectional analysis so, causality cannot be inferred from significant associations. Also this design does not allow differentiation between the cardiac effects of chronic HIV infection and exposure to HAART. Finally, the examination of both echocardiograms and serum biomarkers at a single point in time does not provide information about the potential trajectory of cardiac changes over time.
Conclusion
In this study, we found significant, although relatively weak, associations between inflammatory and cardiac biomarkers and decreased LV function and mass, and increased LV wall stress consistent with LV remodeling. These findings are consistent with a chronic inflammatory process, but cannot be confirmed in this crosssectional study. To determine whether the cardiac changes found in this study are transient, self-limited, or represent future cardiac risk in adulthood will require longitudinal cardiac assessments in this population using current cardiac imaging augmented by cardiac magnetic resonance imaging, tissue Doppler, and cardiac strain echocardiography.
